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Abstract. In most oviparous animals, including in-
sects, vitellogenin (Vg) is the major yolk protein
precursor. However, in the higher Diptera (cyclo-
rrhaphan flies), a class of proteins homologous to
lipoprotein lipases called yolk polypeptides (YP) are
accumulated by oocytes instead of Vg, which is not
produced at all. Lepidopterans (moths) produce Vg
as the major yolk protein precursor, but also manu-
facture a class of minor yolk proteins referred to as
egg-specific proteins (ESP) or YP2s. Although the
lepidopteran ESP/YP2s are related to lipoprotein
lipases, previous attempts to directly demonstrate
their homology with higher-dipteran YPs were un-
successful. In this paper, a multiple alignment of
amino acid sequences was constructed using a shared
lipid binding motif as an anchor, to demonstrate that
lepidopteran ESP/YP2s, higher-dipteran YPs, and
lipoprotein lipases are indeed homologous. Phylo-
genetic analyses of the aligned sequences were per-
formed using both distance-based and parsimony
strategies. It is apparent that the higher dipterans did
not requisition a lipoprotein lipase to replace Vg as a
yolk protein precursor, but instead utilize a class of
proteins with an evolutionary history of use as minor
constituents of yolk in other insects.
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Introduction

The majority of oviparous animals from annelids,
nematodes, and insects to vertebrates provision their
eggs with vitellogenin (Vg), a product of the vitello-
genin gene family (Spieth et al. 1991; Hafer et al.
1992; Chen et al. 1997; Sappington and Raikhel
1998). In insects, Vg is synthesized in the fat body, an
organ functionally analogous to the vertebrate liver.
It is secreted into the hemolymph, transported to the
surface of the oocyte, internalized, and routed to a
developing yolk body where it crystallizes as vitellin,
the major yolk protein (Raikhel and Dhadialla 1992;
Snigirevskaya et al. 1997). Vitellogenins are members
of a greater superfamily of large lipid transfer pro-
teins (Babin et al. 1999) that includes the vertebrate
serum proteins apolipoprotein B-100 (apoB) and von
Willebrand factor (vWf) (Byrne et al. 1989; Chen et al.
1997), among others.

In lepidopterans (moths), several types of smaller
yolk protein precursors unrelated to vitellogenins are
synthesized in the ovary by the follicular epithelium.
Some have been molecularly characterized, including
the egg-specific protein (ESP) of the silk moth
Bombyx mori (Inagaki and Yamashita 1989), and the
follicular epithelium yolk protein (YP2) of the pyralid
moths Plodia interpunctella and Galleria mellonella,
(Shirk and Perera 1998). Though not as abundant as
Vg, they nevertheless constitute 25—40% of the yolk



protein (Shirk and Perera 1998). Similarly, the fol-
licular epithelium as well as the fat body of higher
(cyclorrhaphan) dipterans (flies) such as Drosophila
produce several homologous yolk protein precursors
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referred to by convention as YPs (for yolk polypep-
tides), which are products of Yp genes (Bownes 1992).
YP sequences from several species have been reported,
and, although they lack enzymatic activity, they are

A + *  kk + + +%
PiYP2 GDVADWﬁ:iKYAVGPNSKVLKK. THS[IHvEAQKSMKHPS ETKE.gYHdﬂgESVSAENI 237
BmESP GD TEMASGPNS PVQTEQDIEDIFGDS LKTWDHF TIDDAKKNIFHDAISETQRENN 185
GmYP2 GDAT/SSR.ASKSLGPHSQIKKKEQIEKLFADAQMSMKHIDEDSOK . [I[FH LAVQKED 135
DmYP1 IPALDDFIERLENMNLERGAE . LOQVIYHLSQIHHNVERNYVP . .|SGI PKPNGDK 103
DmYP2 LPNLKEVTLKKLQEMSMEEGAT . LILDKL{YHLYQFNHVFKPDYTPEPHOIRGY[IVGERGOK 110
DmYP3 VPSLNDITWERLENQPLEQGAK . VII[HKIVHVGQIKHDLTPSFVPSPGNVEVIWIIKSNGOK 100
MdYP1 TPSVNELTCEELENMPLEKGDT.LMCKLYHLSQIDYSVSHNFCPSPINVAVESFNNKGEK 99
MdYP2 LPYLKEIHKIKQLEEMSAFEGAD . {INRLYHLAQATQALEPTYAPRASEI PAFLVTPDNQK 112
MdYP3 _TPYLDELTEEELEKMPLEKGAK . IMRKIVHLAOT ENSVSPNFVPSPSNVEVYIFNGKEEK 99
HsGL™~~TT T TTTT T TTTTTTTTTTTT Tt T HGAGKIHPES . T 28
RnLL H GKLGng 27
DmL1 ETPEDRLQRKNI 54
DmL3
+ % * + + *
TLNKYQYPVHEHVVRTDDEY FL{TLFRISKQTEKDTTDEVVQKPVVLLMES 296
1,1 [KIKHQY PVIEEHTVR TDDEYHTVLRI[PPTHQTRDD . . . KKKPVALLMHG 241
LLKKYGYPVEEHTIQTGDEY YITVFRIMKYTARRTP . SVASKIGVVLLMHG 193
RLKQKQONFGEDEVTI IVTIEL PQTSETVIKKAT [RKLVQAYMORIYNLQQORQ 162
KVIKROQKFGODEVT I F I Qe PETNTQVIQKAT [RKLVQAYQQORYNLQPYET 169
TAKAQPGFGHDEVTIVLTELPKTISPAQ RRLIQAYVQOKIYNLQQLQK 159
LPEEKPKFDEQEVTVF ITELPQSLE PN.TKLIQSYIQRYTKKPE.. 156
EQSHCGKQEVTVFITELPSKLESVKEAT .[JSLTQAYMQRYNDESS . . 168
VKPKFGEORYVTVE 1T POSLDOVKKAN . THLIQAYIQRVSOKPT. . 156
MITYWGYPNEEYEVVTEDGY I LEVNRIPYG . [SGNTGQRPVVFLQHG 85
JAMITYWGYPQQEYEVVTEDGYILGVY TG, . NSENIGKRPVVYLQHG 84
DmLl  KQDSTLSVDRLIAKYGYESEVHHVTTEDGYILMHRIRKR. . . . . . GA....PPFLLQHG 104
DmL3 .RP!SchERIEDDGYPMERHEVVTSDNYI HRIPYS. . . PKTGESSNRPVAFLMHG 77
PiYP2 MLGSADDWLLMGPGQSLAYLLADQGYD. ........ vwileN
BmESP LLGSADDWLLMGPSKS[LAYMLSDAGYD......... VWIfeNVRGNK
GmYP2 LYGSAR.LAPHGPRILLAYLLADEGYE......... VWil
DmYP1 HGKNGNQDYQDQSNEQRKNQRTSSEEDYSEEVKNAKTQ
DmYP2 TDYS.N...EEQSQRYSSEEQQTQRRK. .QNGEQDDTK G
DmYP3 NAQE..... QOQQLKSSDYDYTSSEEA . ADQWKSAKAA
MAYP1l ........ APQGEDQY. . ...oeivn. .. KWENEKPVGG
MdYP2 YYQNSATSSSSSHYHLNKKQQRSDSDE. . .DNSNQKP.
MAayP3_ _........PPRDDDKS..............KWENEQPVG
HsGL  LLASATNWISNLPNNSLAFILADAGYD......... VW
RnLL  LIASATNWIANLPNNSLAFMLADAGYD......... VW
DmLl  LVDSSAGFVVMGPNVSLAYLLADHNYD......... VW
DmL3  MLSSSSDWVLMGPERSLAYMLADAGYD......... VW
Fig. 1. Multiple alignment of lepidopteran ESP/YP2s with those genetic analyses. Dashed line separates YP and ESP sequences

of dipteran YP, vertebrate lipase, and Drosophila lipase amino acid
sequences. Positions with at least two functionally similar residues
among the lepidopteran ESP/YP2s and at least four functionally
similar amino acid residues among the dipteran YPs are boxed, as
are any similar residues among the lipases. Residues completely
conserved at a position among yolk proteins are indicated by bold
white letters on a black background. Positions in which all nine
yolk protein sequences contain a functionally similar residue are
marked with *, and those with eight of nine functionally similar
residues are marked with +. The conserved lipid binding site (Sato
and Yamashita 1991; Bownes 1992; Shirk and Perera 1998) which
was used to anchor the multiple alignment, is marked with ###
over the alignment. Overscore indicates positions used for phylo-

from lipase sequences. Numbers at the right indicate amino acid
residue positions from the initial methionine. PiYP2, Plodia inter-
punctella (Lepidoptera) yolk protein 2 (Shirk and Perera 1998);
BmESP, Bombyx mori (Lepidoptera), egg-specific protein (Inagaki
and Yamashita 1989; Sato and Yamashita 1991); GmYP2, Galleria
mellonella (Lepidoptera) yolk protein 2 (Accession No. U69881);
DmYPI1-DmYP3, Drosophila melanogaster (Diptera) yolk proteins
1-3, respectively (Yan et al. 1987); MdYP1-MdYP3, Musca do-
mestica (Diptera) yolk proteins 1-3, respectively (White and
Bownes 1997); HsGL, Homo sapiens (human) gastric lipase (Bod-
mer et al. 1987); RnLL, Rattus norvegicus (rat) lingual lipase
(Docherty et al. 1985); DmL1 and DmL3, D. melanogaster lipases 1
and 3, respectively (Pistillo et al. 1998).



B * + * * 4 * * % * +
fidididididididididd
PiYP2 EEWR ....... NDDIALHDL pAMIDYALKTTGQRKﬂFY%Ev@ GrraFrHaNSTRPEY 399
BmESP [DHWKEHS|. ...... NDEIALHDLPAI IDHVLDISGQERLHYIGHSQGATTFFALMSEQPSY 344
GmYP2 [DEWQFR....... VDEIARVDLPSLIDYVLQITGOKKLY YWCYHAGT TAFL{PMASTMPEY 295
DmYP1 IEKTIGAKIGKWIVIQMVNELDMPEDT . . . . . . ... .. TH IGONVGAHVAG EFTRL 271
DmYP2 NIERLGEIIGNRLVELTNTUNVIPQEI........... GISGHARHVAGVAGRQFTRQ 272
DmYP3 [DVLNTGAMIGQTLIDLTNK.GVIPQEI . .. .. ...... piizidniee e VA KYTAQ 261
MAYPl NVKETGKMIGKTLAHLEKESNVDLED. .......... LHMICOGIIGAN VA FKDV 243
MAYP2 [DTEKVIGKEVGKFWLQLLEKTNCNRDN. .. ........ VHI|IGISNLGANTIA QYTKV 273
MAYP3 [DVKETGKMIGKTFAELMDEJDVDVED. .. ........ MEMVAQGIATNVGGSAGKDFKDI 243
HsGL ™~ DSVEFWAFS. . . . HDEMAKYDLPATIDFIVKKTGOKQLANMVMGHSJATTI GF TIAFSTNPST, ~ 188
RnLL  [DSVEFWAFS. . ..HDEMAKYDLPATINFIVQKTGOE MGHSQETTIGFIAFSTNPTL 187
DmLl  [DESKFWDFS. ...WHEIGMYDLPAMIDHVLKVTGFPKLHYAGHSQGCTSFFVMCSMRPAF 207
DmL3  YWQIFWNFS. .. .WNEIGMYQVPAMIDYVLAKTGQQQVQYMGHSQGTTVYLVMVSERPEY 180
+* * + + * * *
ATIEMAYMSHVRS ﬂﬂgNLKQYL GEFKPIKELVYTMGG 457
AL T YVRS YIHDQVGHGAFEPGKHLIETFGG 402
AMPES H. . PSDLHEQLSPYFMDAEFHPSKELLKTLIGG 349
AL TKIYGKPEE VDAIHTSVY(@MGTPIRSGDVDFYP 329
ALY TKIYGKPEE VDAIHTSAY(AMGTSQRLANVDFFP 330
GLOEA KRPQ IVDAIHTSTHAMGTPIRCGDVDFYP 319
VILDizARQVGKDPK [VDVIHTSALGMGTTRRVGDVDFFS 301
Dby VKOFKDPE VDAIHTTANSMGTSARAADVDFYP 331
ALDIZARQUVIAKNPK VDATHTSALGMGTTRRVGDVDFFP 301
ALARVATVKYTKS . L KFI.. FGDKIFYPHNFFDQHLAT 243
ALABVATVKYTQS KLM. . . FGKKMFLPHTYFDDHLGT 242
ALPHAVYAKETEDHPY IRATSLYFNSLVGS . . . SIREMF . . . .NGEFRF|. . 256
i Y@MKS . P@I‘PILGQPNAIVEVCGSMEFMPSNKFKQDLGI 238
* 4 + * + +*++ ++
T[HAGGSTR QAVAITH 516
HI|HAGTSAR ONVIASH 461
HIRWR . FDQTNKAVQPIVASR 407
HGNERSH .PANqu"VKQNDG.F 382
I3 .AASSYQEYKONKG.Y 383
H . PANSTOKOQYKEQDG|. F 372
F .EASSIIIQYRNNDG. Y 354
I . SAHSIINEYKNSNT.S 385
. NEHAL . EASSLKQYRNKDS . Y354
LFIICGFDSKN . FNTSRLDVYLSHNHAGTSVONMFHWTOAVK. S 300
EVLDL . LCSNTLFIFCGFDKKN . LNVSRFDVYLGHN TSVQDnggAQLVR.s 299
DmLl  .LCRMTHHTERLC VFGIVGRNWNE.FNREEEPVIL MHAGVAAKQVKHFIIQIIK.S 314
DmL3  [HMCQATSPYADMCANEIFLIGGYDTEQ.LDYELLEHIKATS ASVNQNLE;CQEYN.S 296
Fig. 1. Continued.

clearly related evolutionarily to lipoprotein lipases
(Bownes et al. 1988; Baker 1988; Terpstra and Ab
1988; Bownes 1992). Unlike the case in Lepidoptera,
however, higher-dipteran YPs are the major compo-
nent of the yolk and Vg is not synthesized at all. A
retinoid- and fatty acid-binding glycoprotein in
D. melanogaster is homologous to Vg (Kutty et al.
1996), but it appears to be a member of the
lipophorin family and thus a paralog.

Shirk and Perera (1998) demonstrated that the
YP2s of P. interpunctella and G. mellonella are ho-
mologous to the B. mori egg-specific protein (ESP)
(Inagaki and Yamashita 1989). Sato and Yamashita
(1991) recognized that ESP is related to vertebrate

lipases, and Shirk and Perera (1998) demonstrated
that the pyralid YP2s are as well. If extensive regions
of lepidopteran ESP/YP2s and dipteran YPs are both
related to the same vertebrate lipases, the principle of
transitive homology (Pearson 1996) dictates they
must be related to one another. Shirk and Perera
(1998) recognized that a 10-amino acid region con-
taining the lipid binding sites of vertebrate lipases is
conserved in the insect sequences, but concluded from
a larger multiple alignment that it was located about
45 amino acids further downstream in the dipteran
YPs than in the lepidopteran ESP/YP2s. Their
alignment shows no evidence for homology between
these two types of yolk protein precursors.
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C * k  k  * + 4 + * * * *

PiYP2 E 13 . MDD Y[ESEVNQE|V|Yle .RVquiDVTKIR..TPVALYFQP@EWLA VLRLKEQL 574
BmESP [DFj. ETNMHV] .SEPPSYDISKV|S . . APVNLYHSHDAWLAHPKDVEKLQ 519
GmYP2 g R| KINKKMY[eS . VQP DVSKIQ..EPVVLYVHFFTWT%HLKUVERLH 465
DmYP1 ). AN . M§IDTAH YIL PKS| GRNAP@QKQSSYHG.VHQAWNTNQDS 438
DmYP2 ! 3. Q4. METATDFOLY CYIL SKSHFGRYTPRQKQTIGYHQ . [VHQPWRQSSS S 439
DmYP3 ! 3. A . MeLOIDYOLY YIL AKSHFGQRSPRHKQAAYHG . MHHIAON 420
MdYP1 ! RE [¢TATHROI . YML AFSHYGKRTIPARKQ .[FHQTSYA.KS 409
MdYP2 E~R. .MEIITTFHVY| . YML TKSHFGRSTIPVQKQQONVHG.[VHRKSWKMSSS 440
MAYP3 _ ! 4. A . M§TATRRDT YIL EQTHFGKRSAPQ . QRSVOS .[FN. . . ... .. 401
HeGL g S BV ONRIHYIDOS 0P B TRVTAM . . VBT AVWNGGKTILLATEODVGTLLEKL ~ 358
RnLL SPSQN KTPPEYDVSIAMT . . VIPVAVW DT DVAMLLPKL 357
DmL1 'SSNKNMQLYRDHLPPRYNLS?VT.. PTEFVY IL{T VESMCDDL 371
DmL3 F.RKFDYTALRNPYEYSYFPPDYKLKNAK. . APVLLY DWMCDVSDVRKLRDHL 353
PiYP2 PNVTEYYQVP.EEYFSHMDFLYSQKAPVVVYKNLINSINNNIHKN 616
BmESP PNVKQSFEVPEQQHFTDLDFQFSKKAPDTVYQKLMENMQNNS 559
GmYP2 PNVTEYYKVP.EGYFAHMDYQHYKKAPEMVYTRLIKSMNSSS 504
DmYP1 Q 439
DmYP2 RRQ 442
DmYP3

MAYP1

MdYP2

MdYP3

HsGL ~ PNLIYHKEIP...FYNHLDFIWAMDAPQEVYNDIV.SMISEDKK 398
RnLL SNLLFHKEIL. . .AYNHLDFIWAMDAPQEVYNEMI . SMMAED 395
DmL1 GNVTGKYLVP . QKEFNHMDFLWAIDVRKMLYRRMLEVLGKVPEGS (+18) 433
DmL3 PNMALDYLVP . FEKWAHLDFIWGTEARKYVYDEVLKQMQSYE 394
Fig. 1. Continued.

Distant homologies can be detected with multiple
sequence comparisons (Livingstone and Barton 1996;
Henikoff et al. 1997), despite low overall conservation
and low pairwise similarities, based on transitive
homology (Pearson 1996), positional patterns of
similar residues within the sequence (Patthy 1996),
and by the types of residues conserved (Jornvall et al.
1987). In addition to the three D. melanogaster YPs,
the three lepidopteran ESP/YP2s, and the two ver-
tebrate lipases analyzed by Shirk and Perera (1998),
two D. melanogaster lipases and three other dipteran
YPs from the house fly (Musca domestica) were in-
cluded in a multiple alignment constructed com-
pletely by hand (Fig. 1). When the sequences were
aligned using the lipid-binding domain as an anchor,
it became clear that dipteran YPs and lepidopteran
ESP/YP2s are indeed homologous. 11.6% of the po-
sitions in the alignment (up to the last residue of
D. melanogaster YP3, the shortest sequence) contain
functionally conserved residues in all nine insect yolk
protein sequences, and 20.2% of the positions contain
similar residues in at least eight of nine sequences
(Fig. 1). As is characteristic of diverged but homo-
logous proteins, a disproportionate number (five of
10) of completely conserved residues are glycine or
proline (Fig. 1), residues especially important in sec-
ondary structure (Jornvall et al. 1987). Dispropor-
tionate conservation of glycine, proline, and cysteine
residues confirmed homology among insect, nema-

tode, and vertebrate Vgs despite low overall conser-
vation (Chen et al. 1997).

The sequences in the multiple alignment were used
to reconstruct the phylogeny of the yolk proteins
using both neighbor-joining and maximum-parsi-
mony algorithms in PAUP* (Swofford 1998) (Fig. 2).
In both cases, 1000 bootstrap replications were run
and the 50% majority-rule consensus tree is present-
ed. The vertebrate and Drosophila lipases were as-
signed as outgroups to root the trees. The topology of
both trees is similar in that the dipteran YPs are
located within a single clade, as are the lepidopteran
ESP/YP2s. In addition, the two yolk protein clades
clustered into a single larger clade with strong boot-
strap support (83-88%) (Fig. 2), confirming that the
two groups share a common ancestor not shared by
lipases, a class of proteins to which both types of yolk
proteins have long been known to be homologous
(Bownes et al. 1988; Sato and Yamashita 1991;
Bownes 1992; Shirk and Perera 1998).

Thus, it is apparent that the higher Diptera did not
requisition lipases for use as their major yolk protein
precursors, but instead employ a class of proteins with
an evolutionary history of use as minor constituents
of yolk in other insects. Experiments involving
transplant of ovaries into male B. mori showed that
viable eggs can be produced in the absence of Vg,
using only ESP as the major yolk protein (Yamashita
and Irie 1980). The lepidopteran ESP/YP2s are pro-



474

o PiYP2 8
100 GmYP2 100
BmESP
5 DmYP1
DmYP3
6 DmYP2
100 MdYP1 100

83

BmESP

PiYP2
GmYP2

Fig. 2. Phylogenetic reconstructions of
lepidopteran ESP/YP2s and dipteran Yps
based on amino acid sequences. (A) Phy-
logram generated by the distance-based
neighbor-joining method. Branch lengths
are proportional to distance. (B) Phylo-

—— DmYP1

—— DmYP2
65

100 MdYP3
MdYP2
HsGL 100
RnLL 7
DmL1
DmL3

100

&

duced exclusively in the ovary by the follicular epi-
thelium (Shirk et al. 1984; Sato and Yamashita 1991,
Shirk and Perera 1998), as are a few YPs of the higher
Diptera (Houseman and Morrison 1986; Handler
1997). However, most higher dipteran YPs are pro-
duced by both the follicular epithelium and the fat
body (Isaac and Bownes 1982; White and Bownes
1997). It is not clear which is the ancestral state.

It seems likely that proteins related to Drosophila
and lepidopteran YPs eventually will be identified as
minor constituents in the yolk of mosquitoes (or
other lower Dipterans) where Vg is the major com-
ponent. Why and how Vg was lost by the higher
Diptera remains unknown. But now the evolutionary
sequence of events seems less improbable, because
only the abandonment of Vg need be explained, not
both its abandonment and the simultaneous de novo
recruitment of a lipase to replace it.

Acknowledgments. 1 thank Kate Aronstein, Patrick Moran, Erik
Mirkov, Paul Shirk, and an anonymous colleague for helpful
comments in their critical reviews of the manuscript.
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